ABSTRACT Acoustic emission signal processing has always been a key problem in damage assessment of components and materials, and parameter analysis and waveform analysis are two important means of acoustic emission signal processing. In this paper, the parameter analysis method in signal processing and the meaning and characteristics of each parameter are introduced. Then, the waveform analysis method is introduced and the basic theory of wavelet transform and its spectrum analysis in waveform analysis method are mainly analyzed. The comparison between wavelet transform and Fourier transform is made: traditional Fourier transform signal processing methods can only be used to process transient stationary signals, and the transient non-stationary signals cannot be analyzed locally. The wavelet transform can take into account the characteristics of both the time and frequency domains, and it can also reflect the local signal well. Through the analysis of the signals in the process of concrete damage, it is found that the two signal processing methods mentioned above can well characterize the damage evolution of materials and damage precursors.
I. INTRODUCTION
Modern signal and image processing has been widely applied to many areas, including medicine, seismic, astrophysical imaging and so on [1] , as a fast analysis algorithm combining theoretical analysis with numerical methods. Various process monitoring and adaptive control are studied on the basis of physical model and intelligent optimization research. At the same time, many signals are used to monitor process parameters, such as force, power, acoustic emission (AE), torque, vibration and temperature [2] . It is the core of signal processing and the basis of the development of numerical calculation methods of signal processing to acquire signal data. As one of the most valuable signal data processing in the near future, the hidden Markov model [3] , Gauss mixture model [4] , and deep neural network [5] are used to optimize acoustic signal. And it is mainly used to study the elastic wave signal produced by material's rapid release of energy, monitor and analyze the acoustic emission signal with instruments, and then infer the source of rupture. Based on this, the acoustic emission waveforms of fatigue crack propagation [6] , [7] , the influence of acoustic emission sensors on the acoustic emission waveforms of fatigue crack propagation of thinwalled aerospace specimens [8] , and the relationship between crop acoustic emission and disease stress are studied with the abnormal change propagation characteristics captured by the evolution of acoustic emission waveforms [9] . In recent years, economic development has led to the growth of various types of construction, while the corresponding waste is also increasing. Construction waste, which most seriously affects the environment, has become one of the focuses of research.
Secondary pollution is becoming more and more serious due to construction waste increasingly diversified and the impact of construction waste on the environment is permanent and cumulative. Since the 21st century, the amount of urban construction waste has gradually increased, and now it accounts for about 35% of the total amount of urban waste [10] . For various reasons, most of the construction waste is directly transported to the suburbs without treatment and is disposed of by open-air stacking or landfill, which seriously threatens the safety of the ecological environment. In this regard, scholars from all over the world have carried out studies on waste minimization, multiple utilization and harmlessness from the perspectives of waste management methods [11] , management mode [12] , optimization process [13] , recycling [14] , [15] . Among waste, construction waste is the most important component of construction waste, including broken concrete blocks, bricks and so on [16] . It is one of the most necessary research to reduce environmental pollution by secondary utilization after crushing. However, construction waste cannot be recycled and reused in a full sense [17] , [18] . When it is damaged to a certain extent, it will not be reused. It can only be treated by landfill or open-air stacking. It is one of the important means to solve the problem at present, including effectively judging the damage degree of construction waste, reducing unnecessary secondary treatment and misjudgement of multiple utilization, and making comprehensive use of valuable components [19] .
As a common waste of construction waste, recycled aggregate concrete aggregate has a lot of research on the development and application all over the world [20] . The recycled aggregate concrete is studied through a lot of experiments. It is found that the recycled aggregate concrete has high crushing index, low density, high porosity, enhanced water absorption, low aggregate strength and weak bonding ability. The shear strength and compressive strength test showed that the recycled aggregate perforated brick material showed obvious brittleness [14] , [21] , [22] . By measuring the low modulus of elasticity of recycled coarse aggregate concrete relative to ordinary concrete, Etxeberria et al. analyzed the effect of material sequence in concrete production (made of recycled aggregate) on improving its splitting tensile strength [23] . To some extent, these studies have played a positive role in the reuse of construction waste. However, in practical application, such as the increase of wall cracks has become the bottleneck of the development of this new construction material. In this regard, scanning electron microscopy (SEM) observation [24] - [26] , acoustic signal feedback information processing [25] , [27] , [28] and other technologies have been used to analyze the internal primary structure of recycled concrete, as well as its micro-damage and damage mechanism [29] . It is of great practical engineering significance to use acoustic emission technology to study the safety performance evaluation and non-destructive detection technology of concrete structures [30] . Therefore, the damage degree signal feedback from construction waste concrete is studied and the corresponding damage model is established with acoustic emission technology in this paper.
II. WAVELET ANALYSIS BASED ON ACOUSTIC EMISSION SIGNALS
From the processing of digital signals, the analysis methods of acoustic emission signals are mainly divided into two categories. One is to process the basic parameters of AE signal, and to analyze the characteristics of single or multiple parameters to study the characteristics of AE, which is called parametric analysis method. The second is to study the characteristics of the extracted time-domain waveform. Because the waveform carries the essential information of the signal, the essential characteristics of the acoustic emission signal can be obtained by analyzing the waveform characteristics, which is called waveform analysis method.
A. PARAMETER ANALYSIS METHOD
The parametric analysis method is to obtain the waveform characteristics of material damage by using acoustic emission sensors, and to analyze the waveform by using acoustic emission parameters, so that the damage degree of material can be estimated by using acoustic emission parameters [31] . Common parameters include the number of acoustic emission events, amplitude, ringing count, impact technology, rise time, duration and so on [32] . The parametric analysis method is a classical and constantly developing sound acoustic emission signal processing method, which has relatively perfect theory and is widely used.
The amplitude is the maximum value of AE signal, which is used to determine the type of AE source. Energy is the area of waveform envelope and threshold voltage line, which reflects the energy of acoustic emission events. Ringing count is the number of all peaks across the threshold, reflecting the intensity and frequency of the signal. Duration is the amplitude of the signal from the threshold to the threshold time. All AE activities during the duration are an AE event, which reflects the change of local stress characteristics of materials.
B. WAVEFORMANALYSIS METHOD
Because the time domain waveform contains a lot of information about the acoustic emission source, it is called the best object to describe the characteristics of the acoustic emission source. This paper focuses on the waveform analysis. The frequency distribution characteristics of the timedomain waveform can be obtained by spectrum analysis, and the signal characteristics that can not be found by the timedomain waveform can be found. In recent years, wavelet analysis has become an important analytical method in signal field. Wavelet analysis combines the advantages of signal in time domain and frequency domain. It can not only display the corresponding time domain information of signal's local spectrum, but also describe the spectrum information of local time period [33] .
1) WAVELET TRANSFORM
Wavelet transform is developed in overcoming the shortcomings of Fourier transform. Fourier transform reflects the integral characteristics of signal or function, but it can not display the characteristics of signal in local time range. Wavelet analysis has a very good frequency resolution at the low frequency end of the signal, while the frequency resolution at the high frequency end is very weak, which just makes up for Fourier's shortcomings [34] . Wavelet transform decomposes signals at different scales to extract their characteristics, or to analyze the results of time-frequency decomposition for signal processing [35] .
For arbitrary square integrable functions f (x) ∈ L 2 (R), Wavelet transform is defined.
Herein, ψ(x) is mother wavelet, ψ a,b (x) is the conjugate function after stretching translation. ψ a,b (x) is analysis wavelet, obtain through the extension and translation of the mother wavelet. a is scale factor, b is time factor. ψ(x) need to meet the following conditions:
In the formula, ψ(ω) is the Fourier transform of ψ(x). Only the function satisfying the condition is continuous wavelet. From the above conditions, in the frequency domain, ψ(0) = 0. In the time domain. ψ(x) satisfy the regularity conditions.
For n, the bigger the better. ψ(x) is localized in time domain.
The wavelet transform also satisfies the reconstruction kernel equation.
K ψ is the reconstruction of the nucleus. It reflects the correlation degree between ψ a 0 ,b 0 (x) and ψ a,b (x) [36] . The reconstructed kernels show that not all WT (a, b) in the plane a-b can be used as wavelet transform, and the reconstructed kernels equation must be satisfied. Continuous wavelet is redundant, that is, any point in the plane a-b is related to the point on its plane.
When the scale a is relatively small, Because of the redundancy of continuous wavelet transform, it is necessary to discretize A and b, and the result will not lose information. Discrete wavelet transform takes discrete sampling in a certain way. Discrete wavelet transform is a discrete sampling method for (a,b) in a certain way. Grid sampling is often adopted a = a m 0 , b = nb 0 a m 0 . The step size of discrete wavelet transform is smaller for small-scale highfrequency sampling, but larger for large-scale low-frequency sampling.
Based on signal theory, localized lattice points on the phase plane of discrete wavelet transform is: Its time and frequency width is a m 0 h, ĥ / a m 0 respectively. The lattice points are non-uniformly distributed in the phase plane. The smaller m is, the more densely distributed the lattice points are on the time axis. The time domain width decreases with the decrease of m and the frequency domain width increases with the decrease of m, which indicates the zoom characteristic of wavelet transform.
2) TIME FREQUENCY ANALYSIS BASED ON WAVELET TRANSFORM
Frequency domain representation and energy frequency distribution of acoustic emission signals based on Fourier transform express the characteristics of signals in frequency domain. But Fourier transform is a kind of integral transformation, either in time domain or in frequency domain, and it cannot express the information in frequency domain in a certain time interval. For a time-varying signal like AE, it is necessary to know how its spectrum changes with time, timefrequency analysis is introduced [37] .
Wavelet transform has the characteristics of multifrequency analysis, unlike STFT, which uses a single analysis frequency, it divides the frequency domain into different frequency bands in some way. The wavelet basis function can be regarded as a window function. If the center of the wavelet basis function ψ is t * and the width of the time window is 2 t, then the center of the wavelet function ψ a,b (x) is at * + b and the width of the time window is 2a t. The time domain information of wavelet transform is obtained from the following time window.
In the frequency domain, the center of the wavelet base ψ is ω * , the width of the time window is 2 ω. According to the frequency domain analysis theory, the center of the wavelet function ψ a,b (x) is ω * /a, the width of the time window is2 ω /a. The time domain information of wavelet transform is obtained from the following frequency window.
[ω
The time-frequency analysis of the signal is carried out on the two type of time frequency windows. With time as abscissa, frequency as ordinate and time frequency window of wavelet transform is represented as below.
The time domain width of the window is 2a t, the frequency domain width is2 w /a. For high frequency signals in time domain, the time window width can be narrowed automatically for better detection. For low frequency signals, the time domain width can also be widened automatically, and good results can be achieved. In the frequency domain, the width of the window is opposite, and it also has a good detection effect. Wavelet transform can automatically adjust the energy of time and frequency bandwidth, it has good localization characteristics in both time and frequency domains.
III. APPLICATION OF SIGNAL PROCESSING IN CONCRETE DAMAGE IDENTIFICATION A. EXPERIMENTAL DESIGN
The loading system is TAW-3000 conventional three axis test machine, the maximum axial pressure is 3000kN, and the measuring accuracy is 1%. The acoustic emission system adopts the PCI-2 type acoustic emission meter of the US Physical Acoustics Corporation. Sensor is R6αtype, the resonant frequency is 90 kHz, the working frequency range is 35-100 kHz, and the sampling length is 2048 points. Before the test, the acoustic emission signals generated by the lead breaking test were analyzed. In order to reduce the error in the sample process, the threshold value is set to 50 dB. The parameters of other acoustic emission instruments are set as shown in Table 1 below. Uniaxial compression test was carried out with loading rate of 0.2 mm/min. The preparation of specimens was carried out according to relevant specifications and regulations, which met the requirements of conventional experiments.
In this study, the stress equivalence principle is used to determine the load and sectional dimensions of the specimens. The cube model was made. The concrete material is pre-sorted by vibrating feeding screen and special vibrating screen for construction waste. After the specimen is finished, it will be demoulding after 24h and then standard curing for 28 days [38] . The concrete mix proportion is shown in Table 2 .
B. ANALYSIS OF BASIC PARAMETERS DURING LOADING PROCESS
The information about the source of acoustic emission, including the degree of damage and the service life, can be accurately obtained and the damage situation of the detected object can be deduced with analysis and processing of AE signals. On this basis, the safety can be evaluated. AE signal parameter analysis method is more traditional, which is to express the waveform of acoustic emission signal in the form of parameters, and can further analyze the waveform signal. The characteristics of the specimen in the whole process of damage are analyzed, by studying the change of a characteristic parameter in the process of time damage. Three characteristic parameters, including energy rate, ring counting rate and event rate, are selected to analyze the information in the damage process of concrete specimens in the paper.
Acoustic emission rate refers to the energy released by acoustic emission in unit time. The results are shown in Figure 1 to compare different specimens, with the acoustic emission energy per unit time analyzed as an energy rate. And the experimental loading rate is used as the basis, taking 1s as the unit time length statistic energy rate.
The experimental results show that the change characteristics of AE energy rate of each specimen are the same, and acoustic emission parameters are the same change law with the same specimen and different acoustic emission channels. In the initial loading stage of concrete, the energy release of acoustic emission is weaker than that of later stage with the initial cracks in the specimen closed and compacted, the slope of the energy rate curve with time smaller and a horizontal straight line closing to 0. This proves that acoustic emission signals are stationary small energy events, and energy begins to gather. With the increase of load, the slope of the curve of acoustic emission energy rate with time increases, and the activity of acoustic emission begins to increase, which is the energy dissipation period. At the same time, with the concrete dilatancy and the unsteady expansion of microfracture, the accumulated energy of the specimen begins to release.
The above evidence shows that the acoustic emission energy of concrete specimens is accelerated before approaching damage. The acoustic emission is transformed from low energy small crack to high energy. With the nucleation and propagation of a large number of micro-cracks, macrocracks eventually penetrate, and the specimens are completely destroyed and most of the energy is released. Taking the sudden increase of acoustic emission energy rate as the precursor of concrete damage, which of the two specimens correspond to 89% and 96% of their respective peak loads, respectively. Same as energy efficiency, acoustic emission rate refers to the number of AE events per unit time, and using unit time to calculate acoustic emission incident rate. The results are shown in Figure 2 . The experimental result shows that the acoustic emission incident rate of each specimen is basically the same. In the compaction stage of concrete specimens, the acoustic emission event rate is higher due to the closure of the original crack. With the end of the compaction stage, the acoustic emission event rate decreases. At the early stage of elastic stage to plastic stage, the incident rate of acoustic emission increases with the increase of stress. At the later stage of plastic stage, the incident rate of acoustic emission suddenly drops into tranquil until destruction. The sudden fall of AE incident rate to tranquil period can be regarded as a precursor of concrete damage. Taking the abrupt decrease of acoustic emission event rate as the precursor of concrete damage, the precursor points of the two specimens correspond to 83% and 86% of their peak loads, respectively.
In addition, the acoustic emission ringing counting rate refers to the acoustic emission ringing counting produced in a unit time, which is a stiffness evaluation method for reinforced concrete flexural members. Based on this, the analysis result shows in Figure 3 .
The result shows that the number of acoustic emission rings increases slowly in the early stage, and suddenly increases in the later stage. According to the morphology of crack growth, the crack growth process can be divided into four stages: micro-crack formation, micro-crack growth, slow crack instability growth and rapid crack instability growth. The damage process of concrete specimens is very complicated. The damage of concrete specimens is the result of the comprehensive action of various factors, such as crack generation, propagation and fracture.
C. WAVELET ANALYSIS OF CONCRETE LOADING PROCESS SIGNALS 1) SPECTRUM ANALYSIS BASED ON WAVELET TRANSFORM
In the process of concrete damage, the formation and expansion of cracks is the main source of acoustic emission. Because of the anisotropy of concrete material, when sound waves propagate in concrete, they are reflected, refracted and converted many times, and finally reach the sensor with different wave velocities, different wave ranges and different time series. According to the different AE signals produced by different damage mechanisms and the same characteristics of AE signals produced by the same damage mechanism, the AE signal waveforms obtained by sensors can be analyzed in frequency spectrum, and then the characteristics of AE signals in different materials during the damage process can be studied. Acoustic emission detector records the acoustic emission signals of Specimen 1 from loading to damage process. Based on the analysis of basic parameters of acoustic emission, the typical acoustic emission signals of specimens in each damage stage are analyzed by spectrum analysis method.
a: FORMATION STAGE OF MICRO-CRACKS
In the early stage of loading, only a few acoustic emission signals are generated because the cracks in concrete are compacted and closed. With the increase of load, the microdefects in the specimen are continuously penetrated, microcracks are gradually formed, and acoustic emission signals begin to increase. From the figure, we can see that the AE signal is very weak, the amplitude is small, and the frequency peak is multi-peak. The center frequency mainly concentrates on 45 kHz and 105 kHz.
b: STABLE GROWTH STAGE OF MICRO-CRACKS
With the load increases and enters the stage of microcrack steady growth, the activity of crack is strengthened. With the continuous expansion of existing cracks, new cracks are emerging. It can be seen from the figure that the frequency bandwidth of the wave increases, and the signal expands from low frequency to high frequency. The frequency of the signal is mainly in the frequency range from 50 kHz to 200 kHz. A strong acoustic emission signal with the 
c: SLOW INSTABILITY AND PROPAGATION STAGE OF CRACKS
At this stage, with the increase of load and crack width, slip phenomenon and slight crack appear between concrete. Compared with the previous stage, the frequency spectrum becomes wider, and the amplitude in the 50-300 kHz band increases significantly. Acoustic emission signals with the frequency of 50-110 kHz, 190 kHz and 290 kHz as the center frequency appear, and the number of micro-cracks in the specimen increases greatly.
d: RAPID INSTABILITY AND PROPAGATION STAGE OF CRACKS
It can be seen that the typical acoustic emission signals collected during the period of time instability and damage, when cracks penetrate, concrete specimens yield, and concrete in the compression zone is crushed. At this time, the time-domain amplitude of the generated AE signal decreases, the high-frequency band of the frequency-domain signal moves down, and the high-amplitude frequency VOLUME 7, 2019 band narrows. The signal is mainly generated in the high frequency band with the frequency of 50 kHz as the center.
From the whole process of concrete damage, the change of acoustic emission signal is a process of increasing amplitude and widening high amplitude. The above table lists the spectrum of acoustic emission signals at different stages of concrete damage. It can be seen that the spectrum changes from low frequency to high frequency during the whole damage process, and then to low frequency after the damage is completed.
2) DENOISING OF AE SIGNALS BASED ON WAVELET TRANSFORM
Acoustic emission signal is a transient non-stationary signal. Wavelet transform has more advantages than other transforms. At the same time, it is great influence to select different wavelet basis on the result of signal analysis. Generally speaking, when analyzing the wavelet basis, it is mainly considered that the characteristics of tight support is compactness, symmetry, orthogonality, and vanishing moments. In this paper, the waveforms of the slow propagation stage of micro-cracks are analyzed, and DB6 wavelet is chosen as the decomposition wavelet basis. The DB6 wavelet function is used to decompose the acoustic emission signal, and the waveform signal of the wavelet decomposition is shown in Figure 8 .
After the wavelet transform, the acoustic emission signals of concrete materials are decomposed into 6 frequency bands. As you can see from the above picture, there is little difference between the detail signal d2 and d3, which is a signal related to noise. d4 and d5 have less information, and d1 is the characteristic signal of acoustic emission.
In the process of wavelet denoising, the key is how to select the threshold and quantify the threshold of high frequency coefficients, which is directly related to the quality of signal denoising. In practical engineering applications, there are many methods to determine thresholds, such as adaptive thresholds based on unbiased likelihood estimation, heuristic thresholds and thresholds based on Minimax principle. Because unbiased unbiased likelihood estimation and threshold selection of minimax principle are conservative, when a small part of the high frequency information of useful signal is in noise, these two rules are more appropriate and can extract small signal. Heuristic threshold is more effective in denoising, but it may remove useful high-frequency signals.
The commonly used processing methods are mainly divided into two types: hard threshold and soft threshold. Hard threshold method is to retain the wavelet coefficients of the current position when the wavelet coefficients are larger than a certain value; otherwise, the wavelet coefficients of the current position are set to zero. Soft threshold method is to shrink in the direction of decreasing the amplitude of the coefficients when the wavelet coefficients of the current position are larger than a certain value, otherwise set to zero. In the acoustic emission signal processing of wavelet transform applied in concrete material damage, the wavelet decomposition coefficient is processed by soft threshold quantization through fixed threshold method and subjected to multi-scale one-dimensional reconstruction through threshold processing. It can be seen that the noise component with a frequency of 300 kHz is removed with comparing time domain and frequency domain after denoising. The wavelet method retains the characteristics of acoustic emission signals of concrete materials and has a good effect on the processing of random noise. VOLUME 7, 2019 IV. CONCLUSION In this paper, the parametric analysis method in signal processing and the meanings and characteristics of its parameters are introduced, which can be used to estimate the damage degree of materials. Then the waveform analysis method is introduced. Because the waveform contains a lot of essential information of acoustic emission source, the frequency distribution characteristics of the waveform in time domain can be obtained through the spectrum analysis of the waveform in time domain. It is possible to find the signal characteristics that cannot be found by the time domain waveform.
The basic theory of wavelet transform and its spectrum analysis in waveform analysis are emphatically analyzed, and the comparison between wavelet transform and Fourier transform is made. Traditional Fourier transform signal processing methods can only be used to process transient stationary signals, but the transient non-stationary signals can not be analyzed locally. The wavelet transform can take into account the characteristics of both time and frequency domains, and it can also reflect the local signal well.
The acoustic emission technology is applied to nondestructive testing of concrete structures. Acoustic emission detector is used to record all acoustic emission signals of concrete in the process of load damage. By using signal processing techniques such as basic parameter analysis, spectrum analysis and wavelet analysis, the characteristics of acoustic emission signals in four different stages of concrete test are compared and analyzed:
(1) From the analysis of the basic parameters of acoustic emission, when the concrete structure is destabilized and the apparent cracking occurs, the acoustic emission energy rate and ringing counting rate suddenly increase with the time transformation curve. Acoustic emission event rate increases first and then decreases with time. Before concrete damage, there is a long period of calm. These signs can be used as precursors of concrete damage.
(2) From the analysis of AE spectrum, during the whole process of concrete damage, AE signal is a process of gradually increasing amplitude and continuously widening high amplitude. The spectrum changes from low frequency to high frequency.
(3) Wavelet transform is more suitable for dealing with transient non-stationary signals compared with other transforms. From the analysis of time domain and frequency domain images before and after acoustic emission wavelet denoising, it can be seen that the wavelet method retains the characteristics of acoustic emission signals of concrete materials, effectively removes the noise components, and has a good result in dealing with random noise. From 2014 to 2017, she was an Assistant Engineer with the Xianyang Urban Construction Bureau. Since 2018, she has been an Engineer with the School of Civil and Architectural Engineering, Yangtze Normal University. Her current research interests include the theory and technology of wastewater regeneration, the water-saving technology, and the solid waste treatment technology. VOLUME 7, 2019 
